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IMPROVEMENT AND OPTIMIZATION OF A MASS SPECTROMETER
EMPIOYING A PHOTOIONIZATION SOURCE

by Walter P. Poschenrieder and Peter Warneck

SUMMARY

This report describes further improvements of the photoionization mass
spectrometer, originally developed under Contract NAS1-4927. The experiments
performed under that contract showed the basic feasibility of analytical pho-
toionization mass spectrometry. At the same time, certain limitations were
indicated, particularly with regard to the discrimination of ions with different
ionization potentials and coinciding mass numbers, e.g., CO and Np. This limit-
ation could be traced back to two main sources: mnamely, the second and higher
order uv spectrum produced by the grating, and uv light scattering in the mono-
chromator. A considerable improvement has been achieved by the use of uv filters
which reduce the intensity of the higher order spectrum and scattering by about
two orders of magnitude. Accordingly, the detection limit for CO in Ny was im-
proved from 5000 to 100 ppm. The performance of a thin-metal indium filter was
compared with an argon gas filter and the latter was found to be the better choice
since:

(a) The gas filter is simple and rugged while the thin-metal filter is very
fragile.

(b) Within its transmission range, the gas filter provides practically
100 percent transmission while a thin-metal filter achieves only about 10 percent.

(c) The gas filter is more versatile since the filter characteristic can be
easily and quickly changed by the use of different gases.

With a basic sensitivity in the 10-ppm range and a discrimination power of
better than 100 ppm for gases with interfering mass peaks, the photoionization
mass spectrometer represents an analytical tool of unique capabilities and great
potential.

The following table lists the investigated gas mixtures and the detection
limits which were found.



Wavelength Interfering Detection

Light Source Gas Mixture Mass Number Limit

923 N, spark source 0.1% N,0 in CO 44 500 ppm N,O
- 2 2 2

+ argon filtex
879 argon spark source 0.05% CO in N2 28 100 ppm CO

argon filter
879 argon sPark source 0.1%;C2H4 in N 28 50 ppm CyH,

argon filter 0.19% CO 2 from M 26
1216 argon-hydrogen 0.17% acetone 58 100 ppm

dc source in butane acetone

Co, filter
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INTRODUCTION

A detailed description of the historical development and the basic principle
of photoionization mass spectrometry is in the Final Report of Contract No.
NAS1-4927 [1]” which directly preceeded the present contract. Therefore, a brief
recapitulation of the basic problems and the operating principles of instrument
will be sufficient.

Mass determination by static or dynamic electric and magnetic fields
necessitates the ionization of the atoms or molecules of interest. TIonization
can be achieved in various ways, e.g., by electron or ion impact, by high temp-
eratures, by high electric fields, and also by photoionization. Many different
ion sources known use me or the other, or sometimes a combination of these prin-
ciples, but so far, phctoionization has found only very limited application in
analytical mass spectrometry. Most work in this field rather dealt with the
investigation of photoionization phenomena themselves.

All the different methods of ionization have certain advantages and dis-
advantages and none can claim universality. Those methods which provide a high
degree of ionization also produce complex spectra because the molecules are not
only ionized but also dissociated. It is a well-known fact that for electron
impact ion sources produce very complex spectra from high molecular gases and
vapors. Interpretation of these spectra becomes very complicated for mixtures
of such gases because the superposition of the individual cracking patterns
causes multiple interferences. Field ionization and photoionization, on the
other hand, produce only little fragmentation; therefore, the spectra are much
simpler. Both these methods share the common disadvantage of a much lower
ionization rate. This low ionization rate, however, is not due to a poor
ionization mechanism itself, but is merely caused by limitations in other para-
meters involved. In the field emission source, the volume with sufficiently

*Numbers in [ ] throughout text indicate reference numbers.
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high field strength is very small, and in the photoionization source, the
number of photons which can be produced by the most efficient uv light sources
yet known is not as high as the number of electrons easily obtained from a hot
filament or other electron sources.

Sufficient ion production becomes even more problematic if photoionization
with dispersed uv radiation is used. (Dispersed radiation results when a uv
monochromator is switched between uv light source and ion source.) This appears
to be rather unfortunate since photoionization with dispersed uv clearly offers
some unique features which would be of great value in analytical mass spectrometry.
Using a monochromator, it is possible to set the energy of the ionizing photons
with an accuracy of at least 0.01 eV; thus a degree of discriminative ionization
can be achieved which is hardly feasible with any of the other methods.

In principle, a similar result could be obtained by using a beam of mono-
energetic electrons. Practical application is hampered by intensity problems
for electron beams with an energy spread of less than 0.5 eV in the total energy
region 5 to 20 eV. Even more restrictive is the very low differential ionization
of gases under electron impact at electron energies close to the ionization thresh-
old. Photoionization, in contrast, yields a particularly high ionization cross
section near the threshold. 1Indeed, a quantitative comparison of both methods,
considering the present state-of-the-art and also basic limitations, shows a
significant superiority of photoionization as long as ionizing energies close
to the ionization threshold are involved. Furthermore, such studies also indi-
cate that sufficient sensitivity for gas analysis by selective photoionization
might well be attained, provided all means of technology are utilized.

With this in mind, a photoionization mass spectrometer was developed
with the following features:

(1) A low pressure ceramic capillary spark source delivering the most
intense multi-line uv spectrum which can be obtained presently.

(2) A focusing 1/2-m Seya Monochromator of large solid angle acceptance
with a gold or platinum plated 1200 lines/mm replica grating.

(3) A specially design ion source which permits sample gas pressures
up to 20 p without loss in linearity and which produces a minimum of ion-
molecule reactions. (Ion-molecule reactions could lead to the formation and
ionization of unwanted species.)

(4) A special mass spectrometer with a transmission in excess of
10 percent with stigmatic focusing and absence of image aberrations up to
the fourth order.

(5) A high gain, low noise multiplier used as the ion detector and
equipped with a special ion suppressor with a particularly sharp cut-off
characteristic to permit the rejection of all ions which have undergone
secondary reactions or have been produced by such reactions.



(6) A powerful vacuum system with a total baffled pump speed of 7504/sec
with differential pumping that provides independence of the pressures in the
light source, monochromator, ion source, and mass spectrometer. With this sys-
tem, a high pressure can be maintained in the light source and ion source without
detrimental effects to the performance of the monochromator or mass spectrometer.

The experimental results which were obtained with this photoionization mass
spectrometer confirmed the practicality of the approach. The sensitivity of the
instrument was sufficient to detect gas traces in the 10-ppm range. When dis-
criminative ionization was used, 100 ppm of CH, in Oy at M = 16 and 0.5 percent

of CO in N2 at M = 28 could be detected.

A detection limit of 0.5 percent CO in No was still somewhat disappointing,
particularly for an application where at least the toxicity level of 100 ppm of
CO in air should be detectable. The experiments, however, also indicated the
sources of this limitation: mnamely, (a) interference between the first and higher
order spectrum as produced by the monochromator grating, and (b) uv scattering in
the monochromator. By a careful baffling of the light beam, it is possible to
keep uv scattering in the monochromator at a minimum, but irregularities (blisters
and dust) of the grating will set a limit. The production of higher order spectra
is an inherent property of a diffraction grating which is often deliberately used
to gain higher resolution. In the present application, however, the transmission
of higher order lines superimposed onto the first order spectrum can still cause
considerable ionization of atoms or molecules with ionization energies above the
selected first order photon energy. No technical uv gratings which only or pre-
ferentially produce a first order spectrum are known; thus it is obvious that
some other means have to be found to avoid the simultaneous transmission of

higher order lines.

The laws of diffraction show that all wavelengths which are multiple frac-
tions of a certain first order wavelength appear under the same diffraction
angle as higher orders. 1In the case of CO in NZ’ a strong line at 8352.was used
which should ionize CO only; but some No was still ionized by a line at 419A.
This line appears in second order at 8388, and the resolution of the monochromator
was not high enough to separate 838 and 8354 sufficiently.

From the foregoing, it is evident that a solution of the uv interference
problem requires some additional means. One possibility is to prevent or mini-
mize the emission of uv radiation at and below half of the actually required
wavelength right in the light source or to suppress such unwanted wavelengths
somewhere between light source and ion source by use of a filter. The efforts
which were taken and their results are discussed in the following section.



UV FILTERS AND LIGHT SOURCES

Filtering in the uv region below 10008 is based on the selective absorp-
tion of thin metallic films and of gases. Between 1000 and 15008, compact
solids such as lithium fluoride or sapphire provide a sharp cutoff toward the
shorter wavelengths. Above 1500A, interference filters are in use; but at
shorter wavelengths, technological difficulties arise. 1In this project, only
the presence of short wavelengths is harmful and the use of a filter with a
short wavelength cutoff is sufficient. 1In addition, a cutoff in the range
below 1000K is required in most cases; therefore, the discussion will be re-
stricted to the use of thin-metal and gas filters.

Thin-Metal Filters

The application of thin-metallic filters for the vacuum uv region is a
comparatively new field and the amount of data is still limited. A compendium
of the present knowledge was given by W. R. Hunter, O. W. Angel and R. Tousey
[2]. Figures 1 and 2 are taken from this reference. Figure 1 is a summary
diagram of the transmission of the materials so far investigated. The trans-
mission is plotted vertically: the straight horizontal lines denote undetect-
able small transmission. The x-ray edges are shown as steps and the arrowheads
show the critical wavelengths; dotted sections indicate ranges which are based
on calculations only. From Figure 1 it can be seen that most filter metals are
not suitable for suppressing the second and higher order spectrum which would
interfere with the first order spectrum in the range of main interest from 800
to 12008. It is evident that for this purpose, the filter should have zero
transmittance from at least 600R downward. Minimization of stray light inter-
ferences, however, necessitates the even more stringent condition; the cutoff
must be as close as possible to the range of selected ionization wavelengths.
For the discrimination of CO and Ny, for example, the following considerations
apply: The ionization threshold of Ny lies at 7958 while CO will be ionized
up to 885A; thus, if both gases have to be detected in the presence of each
other, a filter with a cutoff directly below 7958 would be ideal. If only CO
were of interest, a cutoff closer to 8858 would be even better, since any
residual ionization of N, by stray light or higher order would then be completely
eliminated.

From all the metals given in Figure 1, only the transmission characteristics
of indium come close to the requirements stated above. Figure 2 shows the trans-
mittance of two indium films of different thicknesges in more detail. It is seen
that indium has a rather sharp cutoff at about 750A and a fairly good transmission
between 800 and 9003. Since above 10008 the transmittance again becomes poor,
the application of the indium filter is limited to the range between 800 and
1000&, corresponding to ionization energies from 15.6 to 12.5 eV. Figure 1 also
indicates increasing transmittance of indium below 1508, but the intensities of
the uv spark source below 4008 are low and, therefore, any interference from this
range is negligible. All the other thin-metal filters listed in Figure 1 seem not
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to be useful in the intended application, since the cutoff wavelengths either
are too low or are followed by an additional range of transmittance at about
half of the wavelength.

Gas Filters

In contrast to the very delicate thin metal filter, the gas filter is a
very rugged arrangement. In addition, as will be shown in the following, they
provide more versatility than thin-film filters and are very easy to handle.
Changing the gas pressure can change filter density and mixing different
gases will give a variety of different characteristics.

As with the application of thin-film filters in the uv, the practical use
of gas filters for the vacuum uv is a recent development. Nevertheless, the
absorption cross sections in the vacuum uv range of many gases are now known
and a good deal of this information is in the literature [3,4].

Figures 3 through 7 show the absorption characteristics of the various
rare gases, It is seen that the cutoffs of these gases from about 500A for
He to 10208 for Xe covers a good part of the range of main interest. With the
exception of He, the absorption continuum is directly preceeded by a range with
a number of strong discrete absorption lines which are caused by autoionization.
This range is only 2A in the case of Ne but increases with the number of elec-
tron shells and becomes as wide as 1008 for Xe. This behavior has no appreciable
effect in the considered application, since the absorption between the lines is
still high. 1In addition, the average absorption over the range of autoionization
is at least as high as in the following continuum.

The behavior of the absorption characteristic toward shorter wavelengths
differs considerably for the different gases. Figure 8 shows the relative
absorption characteristics for all rare gases in one graph. One can see that
Xe has the highest absorption of all the rare gases, but the absorption drops
fast toward shorter wavelengths. The absorption of Ar increases at first with
decreasing wavelengths, and Ar also has the highest absorption of all the gases
between 600 and 400%. From Figure 8, it is obvious that the addition of Ar to
Xe can compensate for the loss of absorption below 6008 and thus reduce possible
second order interferences. As already discussed in connection with thin-metal
filters, lack of high absorption below 4008 is not critical because of the weak-
ness of the light source spectrum in this range.

The absorption characteristic of Ar seems to be ideally suited for the
specific problem of CO detection im Nyp. The cutoff of Ar (7888) lies very
close to the ionization omset of Np at 7958; therefore, detection of Ny is
still possible with the filter applied but second order interferences and short
wavelength scattering is drastically reduced.

The rare gases show particularly simple spectra owing to their mono-atomic
structure. In contrast, the spectra of molecular gases have a much stronger
structure because of the possibility of vibrational and rotational energy levels.
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Nevertheless, they can be successfully used, although their application will be
more specific. Figures 9 and 10 give the absorption characteristic of CO; and
N70O, respectively. A COp filter, for instance, was used for the detection of
acetone in butane at 12168. In order to increase the detection sensitivity for
acetone in butane, it was again essential to have the filter cutoff as close as
possible to the ionization onset of butane at 1170A.

The absorption characteristic of N,0 is another typical examile for the more
complex behavior of molecular gases. It shows a bandpass at 1200A and at 14008.
Such a filter will be very well suited for the discrimination of two gases with
ionization potentials of about 10.4 eV and < 9 eV, since the high absorption
below 12008 and between 1200 and 14008 will result in a minimum of scattered
wavelengths below 14008.

In certain cases it might be even possible to achieve discriminative ioni-~
zation without a monochromator by use of uv filters which can combine different
gases, thin films, and above 10008, certain solid materials like lithium fluoride
or sapphire.

Light Sources

It is evident that the emission characteristics of the available uv light
sources are also of great importance in connection with the question of short
wavelength interference. Such interferences would be minimized if there were
no light source emission below the wavelength required for the ionization of a
certain gas. In principle, this can be achieved with a resonance uv light source;
however, the limited number of available resonance lines as given in Table 1 does
not permit much flexibility for discriminative ionization.

For a more general application, a continuum or at least a multi-line uv
spectrum is the better choice, since it permits the selection of a wavelength
close to the ionization threshold which often gives the highest ionization
yield. 1Ideally, the spectrum should cover any wavelength in the total range of
interest but show no emission at shorter wavelengths. The total range of inter-
est, of course, depends strongly on the kind of gases or vapors to be analyzed.
From 1700 to 7802 (7.3 to 16 eV), all known gases and vapors, except Ne and He,
can be ionized selectively.

None of the known uv light sources which produce a multi-line spectrum or
a continuum comes close to such ideal conditions and many compromises have to
be made. The '"rare gas continuum light source" does not give sufficient inten-
sity for the application in an analytical photoionization mass spectrumeter; in
addition, the continuum produced by one gas extends only over 200 to 300A and
the continue of the different rare gases do not adjoin without large gaps in
between.

15
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TABLE 1

RESONANCE LINES BETWEEN 500 AND 15002

Gas k(g) Gas K(g)
Helium 584 Xenon 1295/1420
Neon 735/743 H 1216

Argon 1048/1066 Krypton 1165/1236




Sufficient intensity can be achieved with a pulsed spark light source;
however, other disadvantages are encountered:

(a) The spark source delivers a line spectrum.

(b) Only very little intensity is emitted from 1000 to 17002; therefore,
another light source has to be employed for this wavelength range of interest.

(c) On the other hand, the intense spark spectrum is not only emitted
between 780 and 10002 but also reaches down to about 4008 or even lower, de=-
pending on the gas used in the source.

The restriction under (a) is usually not too serious, since the spark
spectrum comprises a great many intense lines and a certain flexibility can
be achieved by using different gases or mixtures. The spark source spectra
of Ny and Ar are in Reference 1 and others can be found in Reference 5.

As mentioned under (b), the spark source cannot be used universally for
the total range of interest, and above 10008, it has to be exchanged with an
Hy continuous discharge light source which delivers a multi-line spectrum of
sufficient intensity at wavelengths larger than 10008. The typical Hy spectrum
is shown in Figure 11. The same type of source can also be used with rare gases
to produce the resonance lines given in Table 1. More detailed data can be
found in the literature [5,6].

The emission of an intense spectrum below 7802, as mentioned under (c),
necessitates the use of filters. A study of the pressure dependence of the
spark spectrum revealed, however, that under certain conditions, a strong
suppression of the emission below 7802 can be obtained in the spark source it-
self. The situation is particularly favorable if the spark source is run with
Ar. This is demonstrated in Figure 12. At an Ar pressure of 25y in the light
source, one obtains the typical low pressure spark spectrum of Ar which extends
well below 7808 and down to about 4008 (see also Figure 12 in Reference 1). At
50p, a drop of the intensity below 7808 is observed which becomes even more sig-
nificant at 100u. At 200u, no emission below 7808 can be detected with the used
sensitivity. This effect is obviously caused by self-absorption in the light
source itself. The amount of neutral gas, which increases with the pressure, acts
like a gas filter within the source. 1In addition, some changes in excitation con-
ditions as function of pressure is observed in relative line intensity variations;
e.g., at 25u, the 8358 line is dominant while at 200u, the 8798 line is more in-
tense. It should be mentioned, however, that these excitation conditions also
depend on discharge current and pulse shape. Fortunately, the Ar spark spectrum
at 20Q0u pressure also has a comparatively dense line structure between 780 and
1000% which altogether makes it superior to the spark spectra of other gases.
(The strong intensity of the 8798 1line at 200y was particularly favorable for
the detection of CO because of the high photoionization yield of CO at this
wavelength.)

19
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THE NEW MONOCHROMATOR

During the initial experiments under Contract No. NASI-4927, the photo-
ionization mass spectrometer was combined with a McPherson 1/2-meter Seya
monochromator. The incorporation of a thin-metal filter and the gas filter
into this instrument would have been difficult because of its cast irom
housing. The McPherson monochromator was not a deliverable part under the
final contract. It was supplied by GCA for the experiments. Since the present
contract includes delivery of a monochromator, it was decided to use a monochrom-
ator system developed and constructed by GCA instead of purchasing another
commercial instrument. The GCA monochromator is constructed from stainless
steel, which makes the necessary modifications and the adaption to the photo-
ionization mass spectrometer much easier.

The GCA 1/2-meter Seya monochromator is a vacuum monochromator designed
for use throughout the spectral range from 8200 to 200&. Particular considera-
tion has been given to the performance of this instrument at wavelengths shorter
than 15002, where lithium fluoride optics can no longer be employed.

The Seya monochromator is a tabletop model constructed from 304 stainless
steel in such a manner that it can be easily disassembled and cleaned. It has
a rotatable grating mounted on a solid stainless steel base 1/2-inch thick.

The system is evacuated through an opening in the base. A cylindrical vacuum
housing 10 inches in diameter and 8-1/2 inches high, flanged at top and bottom,
mounts onto this base. This cylinder has two arms (3 in. long) set such that
their axes subtend an angle of 70 degrees 30 minutes at the center of the gra-
ting. These short arms are flanged to accept extension tubes of any desired
lengths. This feature permits a rapid and economical conversion from a 1/2-
meter to a 1- or 2-meter monochromator with corresponding improvements in
wavelength resolution (of course, the appropriate gratings have to be used).
The f-number of the 1/2-meter version is about 10. A high precision sine-drive
screw used in the wavelength scanning mechanism provides wavelength identifica-
tion with an accuracy of about 0.1A. Ten scanning speeds are available within
the range from 2000 to 28 per minute. The scanning control has between each
speed a neutral position at which the grating can be rotated manually. The
instrument can be scanned over a wavelength range from O to 82002 with a 600
lines/min grating.

The extension tubes which come with the standard monochromator,and the
usual exit and entrance slit portion were replaced by arms specially made
for the adaptation to the photoionization mass spectrometer. The entrance
arm contains the entrance slit and part of the gas filter. A gate valve
directly behind the entrance slit permits the isolation of the light source
from the monochromator; thus, exchange of the light source is possible without
venting the monochromator. Further provisions are made to accommodate the
thin-film filter unit directly in front of the entrance slit. The chamber
between light source and entrance slit can be pumped differentially. The
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outer flange has an outside diameter of 5 im., an 'O' ring groove with an
inside diameter of 3-3/4 in. and a 3-hole half-circle with 4-1/2 in. diameter.
Consequently, all GCA light sources and most of those from other manufacturers
will match. Since the exit slit is an integrated part of the ion source, the
exit extension arm is a plain tube and the adaptation piece of the mass spec-
trometer slides into it much the sameway as previously into the exit arm of
the McPherson monochromator.

The monochromator is equipped with a Bausch and Lomb replica grating
ruled with 1200 lines/min and a blaze angle of 15008. The grating is gold
plated to provide high reflectivity in the uv range.

The monochromator is mounted on a sturdy table which matches the mass
spectrometer table. It is supported on a frame with adjustment screws which
allow precise height adjustment and levelling.

A CVC PMC720 4 in. diffusion pump and a multicoolant baffle evacuate the
monochromator and provide a pump speed of about 300 £/sec. The monochromator
table also provides space for the two Welch 1397B forepumps which supply the
forevacuum for the entire system.

Figure 13 shows the new monochromator attached to the mass spectrometer
and ready for the first preliminary tests.
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Figure 13,
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DESIGN AND CONSTRUCTION OF THE FILTER UNITS

The Thin-Film Filter

It has already been stated that of all thin-metal filters, only an indium
film provides a suitable filter characteristic for use in the photoionization
mass spectrometer. The thickness of such an indium film must not exceed 3000
to 4000A or the transmission in the range of transmittance becomes less than
10 percent. It is evident that the fabrication of such thin films requires
some special care.

First, a thin film of indium is evaporated onto a water soluble substrate
(Victawet) which has been sprayed onto a slice of glass. High vacuum and
cleanliness are the necessary preconditions for a good film, since the presence
of foreign bodies will cause irregularities and pinholes in the film. When the
glass slice with the indium film on top is slowly immerged, the substrate is
dissolved and the film of indium is brought to float on the surface. Finally,
the film is lifted off with a piece of high transmission mesh which further
serves as a mechanical support for the very delicate f£ilm.

After the successful fabrication of such a thin film, measures have to be
taken for its protection. The film is easily damaged by even small pressure
differentials as may occur when the monochromator is vented. It is also useful
to have an arrangement which switches the filter into the light path or pulls
it out as needed. A simple magnetically activated device was therefore con-
structed which either moves the filter into the light beam or retracts it into
a protecting sheath. Figure 14 shows the construction of this unit.

The mesh which supports the indium film is mounted on a stainless steel
ring. As soon as the solenoid is activated, this ring will be pulled into the
center of the disc through which the light beam passes. The filter slides
immediately back into its protective space when the solenoid current is inter-
rupted.

The Gas Filter Cell

In the design of the gas filter, a number of problems were encountered.
The absorption cross sections of the various gases shown in Figures 3 to 10
lie between 1 and 5 x 10-17/cm2. The total absorption in the gas filter
is obtained by Lambert-Beer's law:

I= Io exp (- nol) (1)

where I, is the photon flux incident upon the absorbing gas; I is the trans—.
mitted flux; L is the length of the absorbing path; and n is the number demsity
(per cm3) of the absorbing gas. The number density at 1lp pressure is 3.5 x
1013/cm3. The length of the gas filter is mainly limited by the geometry.of
the light path and lies between 10 and 30 cm. For a reduction of the incident
light by a factor of 100, Equation (1) yields:
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noL = 4.6 (2)

It follows that the gas pressure in the cell has to be between 0.09 and 1.4 torr
for the considered range of L and o.

No solid windows are known which can be used below 1040A to seal the ends
of the filter cell; therefore, a considerable amount of gas will also flow
through the openings through which the light beam enters and leaves. Obviously,
one has to compromise on the size of these openings in such a way that the flow
of gas can still be handled by the vacuum system, while the aperture of the
light beam is not too drastically reduced. The question was: can a reasonable
compromise be achieved within practical and economical limitations? The first
decision conerns the location of the filter. One condition for a good placement
is fulfilled when the aperture of the light beam is least affected; a second re-
quirement is that the filter does not cause any other interference.

The first condition can be best satisfied if the filter cell is directly
adjoined to either the entrance or exit slit. 1In this case, the slit itself
represents one opening, while the other opening determines the aperture of the
light beam in the monochromator. Further considerations immediately exclude
any placement of the gas filter on either side of the exit slit, because of the
construction of the ion source and the danger of glow discharges in this region
with high electric potentials. The proximity of the filter to the ion source
would also cause a considerable flow of filter gas into the ion source and,
therefore, obscure the spectrum of the sample gas. The remaining choice is now
to put the filter between either light source and entrance slit or entrance slit
and grating.

The design of the McPherson monochromator would have made it difficult to
place the gas filter between entrance slit and grating. Consequently, it was
originally suggested that the gas filter be located between light source and
entrance slit. In this arrangement, the light source has to be moved away from
the entrance slit by the length of the filter cell. This has one distinct dis-
advantage: the diameter of the spark discharge is only a few mm and the usable
aperture of the monochromator is not fully utilized. This leads to a loss in
intensity which increases with the distance between light source and entrance
slit. If one kept this distance short, an exceedingly high pressure would be
required to achieve sufficient absorption. This high pressure would cause a
serious problem, particularly if the light source is run with a gas different
from the filter gas.

The use of the GCA monochromator makes it possible to consider the inte-
gration of the gas filter directly into the monochromator between entrance
slit and grating. Also in this case, a reasonable filter performance, with a
minimum of loss in intensity by aperture limitation, must be compatible with
the vacuum requirements.
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If the entrance slit of the monochromator forms one end of the filter
cell, then the aperture of the light beam is given by the didmeter D of the
filter cell exit opening and the distance L between both. For the following,
one may neglect the width and height of the entrance slit and also that the
Seya-type monochromator does not give a fully stigmatic image. The total
photon flux I through the monochromator is then proportional to the effective
solid angle of the light beam, and we may write:

D 2
I=Cl<i-> s C1 = const. (3)

As shown by Equations (1) and (2), the product nxL is determined by the require-
ment of sufficient absorption. Since n is proportional to the cell pressure p ,
Equation (2) can be written as ¢

Pe k= G )
The question now is: can a minimum of gas flow into the monochromator be
achieved for a certain fixed value of I and p,.L by changing L? The flow of
gas out of the filter cell is a function of D and p. This function cannot be
described by a simple equation because the flow in the considered range of D
and p lies in the transition region between Poisseulle and jet flow. Neverthe-
less, sufficient information can be gained when the results for both flows are
compared. If Q, is the maximum flow which can be tolerated, we obtain for
Poisseulle's flow:

4 2 _
D “P, Cp = Qm s Cp = const. (5a)
and for the jet flow:
2 -
D.pC.Cj = Qm, Cj = const. (5b)

The pressure in the monochromator has to be more than one order of magnitude
below P, and can be neglected in Equations (5a) and (5b).

Combining Equations (3), (4) and (5a), we obtain:

poial (6a)
LC C
2 P
and Equations (3), (4) and (5b):
C
=1 _1
I=1tc. & (6b)
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In both cases, the aperture determined intensity I is inversely proportional
to the length L of the filter cell. Obviously, a shorter cell with a higher
pressure, according to Equation (4), represents the better solution; however, if
the pressure becomes higher, the flow through the entrance slit into the light
source region must be considered. Obviously, one will have to look for a com~-
promise. Comparing Equations (6a) and (6b), one also finds that the selection
of the proper dimension is more cEitical under the Poisseulle flow condition
since the flow Q increases with L if I is held constant and is not just pro-
portional to L as in the jet flow range. The inverse relationship between I
and L also holds true for the transition range, but the d&pendence of the flow
Q of L will be a more complex function in between L and L.

The foregoing considerations give sufficient information for a practical
design in spite of all generalizations and approximations. In the following,
three different practical solutions are discussed. For these practical layouts,
it was decided to keep the cell pressure between 100 and 500y and the length at
25 cm, which matches the requirements expressed in Equation (2) reasonably well.
In addition, an aperture of the light beam which uses about 3/4-in. of the total
2-in. grating was deemed to be sufficient, since the present spark source by its
geometry does not illuminate a solid angle much larger than this. The distance
between entrance slit and grating is about 40 cm; therefore, the light beam
should leave the filter through a 10 to 11 mm diameter opening.

Solution 1: The filter cell is 25 cm long with an entrance slit on one
side and an opening hole 1 cm in diameter and 1 cm long on the other end;
diameter of the cell is large compared with openings to achieve about equal
pressure within the cell volume. The layout is sketched in Figure 15. Tables
for the calculation of the actual flow were given by Diels and Jaeckel [7].

For the conditions suggested above and a pressure of 100u, a flow of 0.5 torr-
liters/sec is obtained. For p = 500u, the flow increases to 4.5 torrliters/sec.

Solution 2: The cell is again 25 cm long but has a diameter of 1 cm over

its entire length (Figure 15). In this case, the flow resistance is approximately

evenly distributed over the total length of the cell and the pressure drops about
linearly with the distance from the gas inlet, which should be close to the en-
trance slit. The number n of absorbing atoms in Equation (2) is obtained by
taking the average pressure in the cell, which is simply half the pressure at the
gas inlet. For an average pressure of 100u, a flow of 0.15 torrliters/sec is ob-
tained and for 500u, 3 torrliters/sec, respectively.

Solution 3: The principal arrangement, as shown in Figure 15, is similar
to Solution 1, but an additional buffer chamber is put between the cell and the
monochromator. The filter cell is now 20 cm long and the buffer chamber 5 cm.
The openings are chosen so as to permit the same aperture of the light beam as
before, and the buffer chamber has provisions for differential pumping. If Ky
is the conductivity of the opening between gas cell and buffer chamber, K, the
conductivity of the hole between buffer chamber and monochromator, p, the cell
pressure, p, the pressure in the buffer chamber, and S the pump speed available
for differential pumping, one can write:
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For a pressure p_ of 500u, K, and K, are approximately 7 4/sec. A pump speed
S =7 f/sec can e obtained with oneé forepump 1390B; therefore, Equation (7)
yields

Q%Q = 166 torr

5]
Il

Without differential pumping, S = O and Equation (7) then gives:

E%Q = 250 torr

o
]

One can see that differential pumping gives only a slight improvement because
of the practical limitations in pump speed. It is now necessary to evaluate
the different solutions in connection with the existing vacuum system.

The monochromator is pumped by a CVC PMC 720 with a multicoolant baffle.
The total photoionization mass spectrometer is backed by two Welch 1390B fore-
pumps, but since the gas load from the mass spectrometer is small, most of the
pump speed may be utilized for the monochromator including gas filter and light
source. The graphic evaluation shown in Figure 16 is based on data given by the
manufacturers. One sees that Solution 1 would only permit a cell pressure of
300y if the diffusion pump were backed by one 1390B forepump. Two forepumps
in parallel will just match the maximum throughput of the PMC 720 with baffle;
and under these conditions, Solution 1 permits a pressure of 400u. Solution 2
gives 400 and 550y with one or two forepumps, respectively. Solution 3a (with-
out differential pumping) will just permit the required pressure of 500y with
one forepump alone. Since two forepumps are available, one can either select
Solution 3b with differential pumping or Solution 3a with two pumps in parallel.
Figure 16 shows that the limiting pressure is about 700u for either case. Quite
different, however, is the pressure in the monochromator which is 6 or 30u, re-
spectively.

The final choice was made in favor of Solution 3a but with provisions for
differential pumping if needed. Solution 2, which could also have been improved
by the addition of the buffer chamber, was finally rejected because it was feared
that the long narrow tube could cause considerable light scattering. On the other
hand, Solution 3a with one forepump seems to be quite sufficient, particularly
since the availability of the second forepump, either pumping parallel to the
other pump or differentially alone, offers sufficient reserve in case the cal-
culation was not precise. Differential pumping could also be employed if it
turned out that a pressure of 5 to 10p in the monochromator would cause a
problem.
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The experimental tests of the gas filter have shown a good agreement with
the calculated performance. The construction of the actual gas filter is very
simple. The buffer chamber is contained in the short part of the entrance arm
which is welded into the large grating housing cylinder. It consists of two
discs sealed against the tube walls with an O-ring and located at both ends of
the short arm. The disc toward the grating has an 11 mm dia. center hole; the
disc toward the entrance slit has a 9.5 mm dia. hole. Both discs are 12.5 mm
thick and spaced 5 cm apart. A knife-edged aperture plate with a 10 cm diamter
and an 8 mm diameter opening, respectively, is put in front of the disc holes
to prevent scattering of light from the walls of the holes. All parts close to
the light beam are blackened with soot. A 1 inch I.D. pump connection provides
for differential pumping between both discs. The gas cell itself is formed by
the entire section of the arm between buffer chamber and entrance slit. A
micrometer valve on 1/4-inch inlet pipe regulates the gas pressure in the cell,
and the pressure is measured with a thermocouple Hasting gauge.
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THE IMPROVED ELECTRON DEFLECTOR

During the first tests of the new arrangement, employing an Ar gas
filter, an unexpectedly high residual ionization of Ny was observed at wave-
lengths above the ionization wavelength. This was in contradiction to the
result obtained from the photomultiplier. That result clearly showed that the
intensity of the spectrum below 780A was at least reduced by a factor of 100.
Consecutive investigations revealed electrons as the source of this background
ionization. The electrons were produced within the monochromator and accelerated
into the ion source which is on a high positive potential. A certain structure
observed in this background spectrum when the monochromator was scanned indicated
that most of these electrons were produced by the strong central image of the
grating. This effect had already been suspected during the development contract
of the photoionization mass spectrometer and an electron deflector had been in-
corporated between monochromator and ion source. This electron deflector obvi-
ously was not efficient enough to cope with the improvement achieved by the
introduction of the filter. Previously, this problem had been obscured by the
interferences of shorter wavelengths, but now the higher pressure in the mono-
chromator, caused by the use of the gas filter, emphasized this effect since
higher pressure leads to a higher electron production. Consequently, the elec-
tron deflector was improved and a reduction in the background signal of at least
one order of magnitude was observed.

The new electron deflector consists of a pair of deflection plates which
produce a field perpendicular to the light beam. The deflector is 4 cm long
and mounted into the diaphragm insert between monochromator and ion source.

One plate is on the same potential as the diaphragm aperture disc, which is
about 100 volts more positive than the ion source; the other plate is on ground
potential. With the new geometry, no electron can possibly pass from the mono-
chromator into the ion source.
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EXPERIMENTAL

Test of the Grating

Under Contract No. NAS1-4927, a 1200 lines/mm platinum-coated grating
blazed for 7503 had been used. For this contract, it was decided to use a
1200 lines/mm gold-coated grating with a blaze of 15008 for the following
reasons:

In addition to the mentioned filtering methods, one can reduce the con-
tribution of the short wavelengths to the principal ionizing radiation by a
choice of the material used to coat the monochromator grating. Since reflec-
tivity varies with wavelength, one can, in principle, select a coating which
shows poor reflectance in the short wavelength region but good reflectance in
the spectral region of main interest. For normal incidence, the reflectivity
generally declines with decreasing wavelength, but this effect is enhanced for
some materials. By comparison of reflectance data for various metallic coatings,
it was found that gold gives a better discrimination against shorter wavelengths
than the platinum coating used before. 1In addition, gold coating is less prone to
form blisters on the grating which cause scattering of light.

The performance of the present gold-coated grating was compared with the
earlier used platinum-coated grating. It was found that the light intensities
received at the photomultiplier under otherwise identical conditions were about
equal for the two gratings at 5482, about twice for the platinized grating at
880A, and about four times greater at 1216A. A somewhat lower yield of the gold-
coated grating at the longer wavelengths was expected in view of the lower reflec-
tivity of gold, but the equivalence of the intensity at 5848 did not conform to
the available reflectance data. It is possible, however, that the reflectance
of the platinum-coated grating has decreased with use, whereas the gold-coated
grating was new. 1Indeed, the platinized grating showed some surface roughness
presumably caused by sputtering from the spark light source. Further tests re-
vealed that the intensity of the second order He 5848 line was about 30 percent
lower when the gold-coated grating was used. This is no advantage, since in the
wavelength region of 11688, where the second order 584% line appears, the first
order intensity of the gold grating is worse by a factor of four than that of
the platinized grating. For a full evaluation of this comparative test, it has
to be taken into account that both gratings also have different blaze angles.
The platinum-coated grating is blazed for a wavelength of 7508, which enhances
the intensity of the spectrum around 750R. This is also true for all parts of
the higher order spectra which are dispersed in the same direction of the first
order at 7508. The gold-coated grating was blazed for 15008.

The performance of the gold-coated grating between 800 and 12008 was some-
what disappointing since the loss in intensity was more than was expected. 1In
the light of the excellent performance of the gas filter, the stated advantage
of the gold-coated grating and of a blaze for a higher wavelength becomes im-
material in contrast to the accompanying loss in intensity. Therefore, it is
suggested for the future to go back to a platinized grating blazed for 7508.
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Separation of Doublets by Ionization Wavelength Discrimination

Utilization of the Gas Filter. Figure 17 demonstrates the effectiveness
of the gas filter with Ar as filter gas. In this case, the Ar spark source
was run at low pressure to prevent any suppression of emission below 800A al-
ready in the light source. The unfiltered spectrum is given in the upper
trace. A pressure of 500u of argon in the gas filter was used for the lower
trace. The sharp cutoff below 790A is quite impressive. Increased detection
sensitivity in the cutoff range indicates a suppression of the uv radiation by
at least two orders of magnitude.

CO-No. The ability to separate CO and Ny at M = 28 was taken as a perfor-
mance criterion for the improved photoionization mass spectrometer because the
detection of CO in air is of great practical importance and represents one of
the most difficult cases. These difficulties were discussed in detail in the
final report for Contract NAS1-4927 [1] where the previous detection limit of
CO in N9 at 0.5 percent was determined. But even this still high detection
limit could only be obtained by using the nitrogen spark light source and by
scanning the monochromator instead of the mass spectrometer. Figure 18 shows
the result obtained with the instrument before improvement. The mass spectro-
meter was peaked at M = 28. With pure N, as sample gas, a defined structure
of the background was still visible when the monochromator was scanned at wave-
lengths aboye the ionization wavelength of Ny. Particularly disturbing was a
peak at 8388 which was caused by a second order line with a wavelength of 419A.
This peak is unfortunately very close to the only intense peak of the nitrogen
spark light source at 835A which could be used to ionize CO. The detection of
0.5 percent could only be accomplished by observing a slight distortion of the
83SX peak toward 835X while the wavelength was scanned. It is clear that this
kind of detection is far from ideal and too ambiguous; and if the Ar spark had
been used, the detection limit would have been about one order of magnitude worse.

The use of a higher pressure in the Ar spark light source combined with the
Ar gas filter and the improved electron deflector resulted in a significant im-
provement. A pressure of 200y in the light source and of 500u in the gas filter
reduced the background due to residual ionization of Ny by more than two orders
of magnitude. Compared to N, the Ar spark provides more lines for the ionization,
particularly the very prominent 8798 line which also yields a high photoioniza-
tion cross section for CO. The result is demonstrated in the three lower traces
of Figure 19. As one sees 0.05 percent of CO is now detected without any ambi-
guity and from the residual N2 signal in the lowest pace, a detection limit of
100 ppm CO in N, can be extrapolated. It should be emphasized that this detec-
tion limit is now easily obtained by scanning the mass spectrometer while the
monochromator is set for 879A. Preliminary investigations, as demonstrated in
Figure 20, no longer show any wavelength dependent structure in the residual
ionization of Ny between 800 and 9008 if the Ar filter and the higher pressure
in the Ar spark source are used. The origin of the residual background and of
a weak peak at 9208 is not yet known. Nevertheless, an improvement by more
than a factor of 50 has been achieved and further improvement might be possible.
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CO - CoH, - No. It was of interest also to investigate a mixture of
three gases with interfering mass peaks, since the amount of detectable CO
also depends on the presence of other interfering compounds. Ethylene is such
a compound, as its parent peak occurs on mass number 28. At a wavelength of
879&, ethylene also fragments yielding signals on mass numbers 27 and 26. The
relative signal strength was determined as 100:8.1:21.5 for mass numbers 28,
27 and 26, respectively, as found from a trace of pure ethylene. The trace of
a mixture of 0.19 percent CO, 0.1 percent CyH, and the remaining Np is shown
in the upper trace of Figure 19. The amounts of ethylene can be assessed from
the size of the 26 peak,and theamount of CO can be calculated by the difference
from the mass 28 peak; but, in general, the lower limit for the detection of
CO is given by the amount of ethylene present simultaneously. 1In this case,
the detection limit of CO will be about 10 percent of the amount of Coly but
not less than 100 ppm in the additional presence of Ny. In the calculatiom,
one has to congider that ethylene shows about a 30 percent higher sensitivity
than CO at 879A. M = 26 is free of any interference in this mixture; therefore,
a sensitivity limit for CZH4 of 50 to 100 ppm is obtained.

NoO - COp. A mixture of 0.1 percent NpO in CO2 gives another example for
the power of the photoionization mass spectrometer, since both gases produce a
mass peak at M = 44. For the discrimination, a N, spark source was used in
combination with the Ar gas filter. A strong line of the N, spark spectrum at
9238 was selected to iomize N,0. Since the ionization omset of €O, is at 900A,
no ionization of CO, should occur. In this case, the detection limit was deter-
mined as 500 ppm. The sensitivity was limited by two reasons: N,0 has a com-
paratively low photoionization coefficient between its ionization threshold at
9608 and down to 9008 and the signal strength is reduced accordingly. In addi-
tion, the wavelength difference between the cutoff of the Ar filter at 8008 and
the ionizing wavelength at 9238 is rather large, and all lines of the Ny spark
source in this range contribute to light scattering which results in residual
ionization of some COp. Limitations in time did not permit improvement of this
result, which seems to be possible by choice of a more suitable gas in the light
source and in the gas filter. A Kr filter was tried with limited success, which
may be caused by its fast decreasing absorption at shorter wavelengths. Here a
mixture of Ar and Kr might be the solution.

Acetone - Butane. Both gases produce a parent peak at M = 58; the ioniza-
tion potential of butane is 10.6 eV corresponding to 11602 and that of acetone
is 9.6 eV or 12803, respectively. Since an ionization wavelength between 1160
and 12808 is required, an argon-hydrogen dc source was employed. The strong
Lyman-¢ line at 1216A yas selected for this purpose. Argon was added to the
discharge gas, since it suppresses the intensity of the molecular Hy, spectrum
at shorter wavelengths. This measure, however, was not sufficient, and inter-
ference of scattered light was still obvious. The use of an Ar filter would
not bring any improvement because the cutoff of the Ar filter is too far down.
Considerable improvement was then achieved by using €O, in the gas filter. CO,
assumes high absorption values below 11408 as can be seen in Figure 9. A mix-
ture of 0.17 percent acetone in butane was then analyzed and a detection limit
of 100 ppm of acetone in butane was deduced.
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Utilization of the Indium Filter. The filtering effect of the indium
filter is demonstrated in Figure 21. The upper trace shows the unfiltered
spectrum of the Ar spark source. (This spectrum shows some typical signs of
air contamination in the Ar; compare with Figure 17.) The lower trace is the
same spectrum with the indium filter applied. The sensitivity of the recording
device was increased by a factor of 10 in orxrder to compensate for the loss in
transmittance. An increasing attenuation of wavelengths below 7508 is seen,
and no transmission is visible below 6508 at the selected sensitivity. The
transmittance also shows a decrease above 9002, which is in agreement with the
characteristics shown in Figure 2. A comparison of Figures 21 and 17 immediately
reveals the inferiority of the indium filter, which is further discussed in the
following.

The detection of CO in N, was again selected as the best test case for
the performance of the indium filter, and the same mixture of 0.11 percent CO
and remainder Ny was used. 1In this case, the Ar spark source was run at low
pressure inorder not to suppress the short wavelengths already in the ljight
source. Under these conditions, the 835A line is stronger than the 8792 line
and yields a somewhat better ionization. .Figure 22 shows the result. The
upper trace gives the residual background ionization of N, without any filter,
the middle trace the same with the indium filter and the lowest trace was ob-
tained with 0.11 percent CO in Nyp. A detection limit of about 500 ppm can be
deduced from these traces. The residual ionization was investigated for its
wavelength dependence as demonstrated in Figure 23. The mass spectrometer
was adjusted for M = 28, and then the monochromator was scanned from about 630
to 970A. The photomultiplier gave the uv spectrum shown in Figure 21, while
the signal from the ion multiplier was recorded simultaneously. Accordingly,
the traces of both figures correspond to each other. Figure 23 again reflects
the behavior of the indium filter, and a comparison with Figure 19 shows the
differences with the Ar gas filter very well, particularly in the cutoff
characteristics. The middle trace of Figure 21 does not indicate any strong
wavelength dependent structure in the residual ionization, although again some
increase of the background is observed around 9158, A comparison with the
lowest trace, which was obtained with the valve between the light source and
monochromator closed, proves that the background is indeed caused by uv radi-
ation and not by the noise of the recording multiplier and electrometer. The
residual background, as obtained with the indium filter, is not significantly
different from the residual background seen with the Ar gas filter; however,
it must be emphasized that the signal strength in the range of transmittance
of the indium filter is reduced by more than a factor of 10. The main drawback
of the indium filter, therefore, lies mainly in the poor transmittance within
its pass band and not so much in an insufficient cutoff characteristic.

It should also be mentioned that the proximity of the light source leads
to a quick destruction of the indium filter. Prevention of this effect would
necessitate setting the uv light source further back. It has already been
pointed out earlier that an additional loss in light intemsity would result
from such a measure. The only other alternative location is in immediate
proximity to the monochromator exit slit; this, however, would necessitate
considerable changes in construction and it is uncertain whether other inter-
ferences would occur. It is felt that further investigations of the indium
filter in this application is not warranted in light of the much better per-
formance of the gas filter.
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Figure 21, Spectrum of low pressure Ar spark source with and without In-filter.
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CONCLUSIONS

The results achieved with the improved instrument are in very good agree-
ment with the predictions made in the proposal which preceded this contract.
The possibility of detecting 100 ppm of CO in Ny without using high resolution
mass spectrometry is an unique achievement of photoionization mass spectrometry.
With a sensitivity between 10 and 100 ppm for gases without interfering mass
peaks and with all the additional advantages of photoionization mass spectrometry.
the field is opened for a wide analytical application. This contract concen-
trated on the detection of gases with interfering mass peaks because the origin-
al instrument was mainly disappointing in this respect; it also represents the
most demanding task. By no means, however, is this the only advantage of this
instrument. The cool ion source and the possibility of controlling dissociation
of fragmentation is particularly valuable in the analysis of organic gases and
vapors. If a certain complex molecule is ionized very close to the ionization
threshold, fragmentation can be completely avoided, but with higher photon
energies, more and more fragmentation will ensue. Theoretical considerations
permit the prediction that the appearance and wavelength dependence of the
cracking patterns will reveal isomer structures of such molecules. Certainly
further research in this direction would be of great interest from a practical
as well as from a theoretical point of view.

Further improvement of the basic sensitivity to better than 10 ppm seems
to be quite feasible by application of a synchronous detection technique. The
measurements indicate that the residual noise level is mainly caused by the
statistical background current of the multiplier. If the spark source is
used, light pulses of 1 to 2u sec duration are produced at a rate of 120 per
second. Consequently, also the ion current, arriving at the multiplier, is
pulsed and it would only be necessary to register the multiplier signal
during the length of these pulses. This can be achieved by using an electronic
gate which is opened and closed in properly delayed synchronism with the light
source pulses. If this gate is kept open for 8p sec - which will sufficiently
take care of the difference in the time of flight through the mass spectro-
meter - and the repetition rate is 120 per second, a duty cycle of 1/1000
results. This means that during one second, a total of only 1 millisecond
is needed for sensing the actual signal. The statistical background signal,
however, occurs completely at random and will be registered at its full
average value by an integrating detection system without synchronous gating
as it is presently used. Synchronous detection a duty cycle of 1/1000
should accordingly reduce the statistical background also by a factor of 1
1000. The increased sensitivity is not achieved by higher signal strength
but by reduction of the background. A sensitivity below 10 ppm is based
on the detection of only a few ions per second and the signal will show the
corresponding statistical fluctuations; therefore, a longer integration
time will be necessary for amn accurate measurement. Very fast scanning
with high accuracy is still beyond the capability of the photoionization
mass spectrometer, but programmed recording of the mass range 1 to 50 in
five minutes, with a sensitivity of 1 ppm, seems to be quite feasible.
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An improvement of the general detection sensitivity will also permit
further tracing of the sources causing the residual ionization when discrim-
inative ionization is employed for the analysis of not mass-resolved doublets.
Further improvement might be possible by the addition of a predispersing unit
which will limit the bandwidth of light entering the monochromator to 50A and
which is designed especially to minimize loss of light intensity. In this
way, the present detection limit of CO in N2 of 100 ppm might be lowered to

10 ppm.
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